Abstract. Based on the carbon-nitrogen cycles and greenhouse gas (GHG) mitigation and emission processes related to straw return and burning, a compound greenhouse gas budget model, the ''Straw Return and Burning Model'' (SRBM), was constructed to estimate the net mitigation potential of straw return to the soil in China. As a full GHG budget model, the SRBM addressed the following five processes: (1) soil carbon sequestration, (2) mitigation of synthetic N fertilizer substitution, (3) methane emission from rice paddies, (4) additional fossil fuel use for straw return, and (5) CH 4 and N 2 O emissions from straw burning in the fields. Two comparable scenarios were created to reflect different degrees of implementation for straw return and straw burning. With GHG emissions and mitigation effects of the five processes converted into global warming potential (GWP), the net GHG mitigation was estimated. We concluded that (1) when the full greenhouse gas budget is considered, the net mitigation potential of straw return differs from that when soil carbon sequestration is considered alone; (2) implementation of straw return across a larger area of cropland in 10 provinces (i.e., Shanghai, Jiangsu, Zhejiang, Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi, and Hainan) will increase net GHG emission; (3) if straw return is promoted as a feasible mitigation measure in the remaining provinces, the total net mitigation potential before soil organic carbon (SOC) saturation will be 71.89 Tg CO 2 equivalent (eqv)/yr, which is equivalent to 1.733% of the annual carbon emission from fossil fuel use in China in 2003; (4) after SOC saturation, only 13 of 21 provinces retain a relatively small but permanent net mitigation potential, while in the others the net GHG mitigation potential will gradually diminish; and (5) the major obstacle to the feasibility or permanence of straw return as a mitigation measure is the increased CH 4 emission from rice paddies. The paper also suggests that comparable scenarios in which all the related carbon-nitrogen cycles are taken into account be created to estimate the mitigation potentials of organic wastes in different utilizations and treatments.
INTRODUCTION
The input of organic detritus is a determining factor in the level of organic carbon in soil (SOC; Lal 2004a , Post et al. 2004 . Straw return to the soil can directly increase the organic carbon input and therefore sequester carbon in cropland soil. In China, straw return is regarded as an effective method of soil carbon sequestration (34.4 Tg C/ yr; Lu et al. 2009 ) and a major factor in the increase in organic carbon in the surface soil of croplands over the past 20 years (Huang and Sun 2006) . In recent years, the carbon sequestration rates and potentials for straw return have been estimated for developed countries and on a global scale. The results indicated that straw return is one of the most sustainable and economical carbon sequestration methods (Triberti et al. 2008 ) with great potential (Smith et al. 1997, Vleeshouwers and Verhagen 2002) .
Greenhouse gases released from processes such as the manufacture and use of agricultural products may negate all or part of the increased C sequestered by soils (Schlesinger 2000 , Smith et al. 2001 , Chen et al. 2008 . When a soil carbon sequestration measure affects more than one gas through multiple and sometimes opposing mechanisms, the net benefit depends upon the combined effects on all gases (IPCC 2007a) rather than the impact on the soil carbon pool alone (Smith 2004) . Studies of full greenhouse gas (GHG) budgets and net mitigation potentials have been initiated for several soil carbon sequestration measures including conservation tillage (Smith et al. 2001 , West and Marland 2002 , Six et al. 2004 , nitrogen fertilizer application in croplands (Schlesinger 2000 , and water management in rice paddies (Li et al. 2005b ). The scenarios in these studies were paired, with 3 Corresponding author. E-mail: wangxk@rcees.ac.cn one scenario describing the implementation of a particular sequestration measure and an opposing scenario in which no sequestration measure was adopted.
The net mitigation potential of straw return depends on the changes in the disposition of carbon and nitrogen. Millions of tons of straw are produced annually as an agricultural by-product. Regardless of whether the straw is returned to the croplands, the huge amounts of carbon and nitrogen in the straw do not vanish, but in one way or another remain part of the global carbon and nitrogen cycles. Because of this, scenarios in which no straw is returned that do not specify an alternate disposition are meaningless. This highlights the necessity of considering all straw in comparison studies, even the straw that is not returned to croplands. Different treatments will result in widely varying levels of GHG emission, and some treatments may demonstrate GHG mitigation potentials when compared against present practices. The necessity of comparison was described in a recent study, in which the soil carbon sequestration potential of straw return and the mitigation potential of straw combustion for electric power generation were compared (Powlson et al. 2008) . However, there has been no overall quantitative analysis that integrates the effects of multiple gases emitted during various crop straw treatment processes or an analysis of the net mitigation potential of straw return compared with other straw utilization alternatives.
In the past decade, China produced ;630 3 10 6 Mg of crop straw per year (Liu et al. 2008) . In order to reduce the time and expense of handling, many farmers burn straw in the fields. Although the Chinese government makes efforts to prohibit straw burning, it remains a common practice in China's countryside (Cao et al. 2007) . Straw combustion to generate electric power faces a series of technical, economic, and managerial problems and risks (Cui 2007 , Fu et al. 2007 , Gu 2007 , and straw return is regarded as the most effective measure to resolve the problem of burning. Considering the huge amount of straw produced and burned, it is important to estimate the net mitigation effect when the straw is instead returned to the soil.
The change from straw burning to straw return influences the carbon-nitrogen cycles and GHG emissions. Besides carbon sequestration in soil, straw return can eliminate non-CO 2 GHG (i.e., CH 4 and N 2 O) emissions from incomplete straw burning. Furthermore, the nitrogen in the straw returned can substitute for synthetic nitrogen fertilizer (Li et al. 2003b) , reducing the amount of fertilizer applied and mitigating GHG emissions from synthetic fertilizer production. However, straw return may also lead to an increase in some GHG emissions. Additional fossil fuel is required to return the straw in order to ensure the sowing and growth of the next crop (Liu et al. 2001 , Chen et al. 2008 . Straw return also stimulates CH 4 emission from rice paddies and direct N 2 O emission (IPCC 2000) . Therefore, the true contribution of straw return to the mitigation of global warming lies in the overall effect of the abovementioned processes.
It should be emphasized that C sequestration in soils does not represent a ''permanent'' solution of mitigation (Hutchinson et al. 2007) . Once a new equilibrium is achieved, carbon can no longer be sequestered in the soil. On the other hand, some other agricultural mitigation effects are non-saturating, such as the reduction in N 2 O and CH 4 emissions and the emissions avoided as a result of gains in agricultural energy efficiency (Smith et al. 2007 ). The effectiveness of straw return as a carbon mitigation measure after SOC saturation depends on the emission of other greenhouse gases and the mitigation potential derived from replacing synthetic fertilizers.
We examined the GHG emission or mitigation associated with straw return and burning in China. Our specific objectives were (1) to quantify each contributor to GHG emission, mitigation, and sequestration relevant to straw burning and return; (2) to estimate the manner in which GHG emissions and mitigation may change if straw return techniques are implemented at varying levels (i.e., different scenarios) in China; (3) to estimate the total effective GHG emissions of different scenarios and the net mitigation potential compared with the baseline scenario; (4) to extend the estimation of net mitigation potential after SOC saturation; and (5) to assess the feasibility and permanence of straw return as a mitigation measure in China. As the full GHG budget analysis of straw return and burning is complex, an integrated empirical model referred to as the ''Straw Return and Burning Model'' (SRBM) was constructed to provide quantitative answers to these questions.
METHODS

Structure of the SRBM
The inputs to the SRBM are the proportions of cropland to which straw is returned (PR i ) or burned (PB i ) in province i. We assumed that the straw was either returned to cropland or burned, so the sum of PR i and PB i was 100%.
Five processes were considered in order to estimate GHG emissions and sequestration/mitigation (Fig. 1 ). These included (1) soil carbon sequestration, resulting in the mitigation of soil carbon sequestration with straw return (expressed as MSCS, in teragrams of CO 2 per year), (2) mitigation of synthetic N fertilizer substitution, with the result expressed as MNS (in teragrams of CO 2 equivalent [eqv] per year) which is equivalent to the greenhouse effects emitted from synthetic fertilizer production, (3) methane emission from rice paddies, resulting in the global warming potential (GWP) of CH 4 emitted from rice paddies (expressed as EP, in teragrams of CO 2 equivalent per year), (4) additional fossil fuel use for straw return, resulting in the global warming potential of GHG emissions from the additional diesel oil consumption during tilling and plowing (expressed as ED, in teragrams of CO 2 equivalent per year), and (5) CH 4 and N 2 O emissions from straw burning in the fields, resulting in the total global warming potential of CH 4 and N 2 O emissions from straw burning (expressed as EB, in teragrams of CO 2 equivalent per year). With the input of the proportion of the cropland on which straw return was implemented, the model integrated the effects of the five processes (i.e., MSCS, MNS, EP, ED, and EB) with the global warming potential of each of the gases (IPCC 2007b) and calculated the total effective GHG emissions before (TEGE) and after (TEGES) soil organic carbon saturation in province i using the following equations:
Eqs. 3 and 4 were used to compare the net mitigation potentials of each scenario with the baseline both before (NMP i ) and after SOC saturation (NMPS i ):
The variables TEGE bi and TEGE pi are the total effective GHG emissions of the baseline and predictive scenarios before SOC saturation, while TEGES bi and TEGES pi are the total effective GHG emissions of the baseline and predictive scenarios after SOC saturation.
Processes within the SRBM Soil carbon sequestration.-The mitigation of soil carbon sequestration (MSCS) was calculated by multiplying the soil carbon sequestration rate by the area in which straw return techniques were implemented at the provincial level, and the total for the entire country was determined using the following equation:
The SCSR i term is the soil carbon sequestration rate in kilograms of C per hectare per year, PR i is the proportion of the cropland on which straw is returned, and A i (in hectares) is the area of the cropland where straw return could potentially be implemented in province i (see Appendix A). The values of A i and PR i are listed in Table 1 . The relationship between SCSR i and the amount of straw returned was determined from 117 pairs of published long-term experimental data (see Appendices D and G) and is expressed in Eqs. 6-9.
For Beijing, Tianjin, Hebei, Shanxi, Inner Mongolia, Henan, and Shandong provinces,
For Heilongjiang, Jilin, and Liaoning provinces, For Shaanxi, Gansu, Ningxia, Qinghai, and Xinjiang,
In Eqs. 6-9, S i is the amount of straw returned per unit area of cropland (in kilograms of straw per hectare per year). This value, as well as the total amount of straw that can be returned to cropland in province i (ST i ), are obtained using Eqs. 10 and 11 (and are listed in Table 1 ):
where CY ij is the yield of crop j in province i, obtained from the China Agriculture Yearbook (Editorial Board of China Agriculture Yearbook 2005) and SGR j is the straw : grain ratio for crop j, adopted from the Assessment of Biomass Resource Availability in China (MOA/DOE Project Expert Team 1998) ( Table 2) . Mitigation of synthetic N fertilizer substitution.-A number of field experiments on straw return and soil nutrients have demonstrated that the nitrogen in straw can substitute for at least the same amount of synthetic N in terms of yields (Zhang 1998 , Zhang et al. 1999 , Wang et al. 2005 as well as several soil N indices, such as total N (Niu et al. 1998 , Zhang 1998 , Gao et al. 2000b , Sun et al. 2003 , Peng et al. 2004 , Wang et al. 2005 , available N (Niu et al. 1998 , Zhang et al. 1999 , Wang et al. 2005 , and alkalized N (Niu et al. 1998 , Zhang et al. 1999 . Yan et al. (2004) also reported that straw return is better than synthetic nitrogen fertilizer application for increasing total N, available N, miner- Notes: Provinces include municipalities and autonomous regions. Abbreviations are: A i , cropland area in province i; ST i , total amount of straw that can be returned to the soil; S i , amount of straw returned to cropland; PR i , proportion of cropland where straw is returned; DOA i , amount of seasonal dry matter of non-fermented organic matter returned. Data of Special Administrative Region (SAR) of Hong Kong, SAR of Macao, and Taiwan Province are not included. 
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April 2010alizable N, total hydrolyzed N, amino N, amino-sugar N, and hydrolyzable N. Furthermore, returning straw to croplands can reduce the ammonia volatilization loss (Dong et al. 2005 ) and the loss of dissolved N through leaching (Ma et al. 2003) , raising the efficiency of the fertilizer application. In our models it was conservatively estimated that the nitrogen in straw could substitute for at least the same amount of synthetic N.
The mitigation of synthetic N fertilizer substitution (MNS) can be obtained from the following equation:
where MNS i is the mitigation of synthetic N fertilizer substitution (in teragrams of CO 2 -eqv per year), and FN j and DMF j represent the N fraction and dry matter fraction for the straw of crop j. These values were derived from ''The Organic Fertilizer of China'' (The National Center for Services and Popularization of Agricultural Techniques 1999), IPCC (1997 IPCC ( , 2000 , Wang (1999) , and Dai et al. (2000) ( Table 2 ). In Eq. 12, EFSNF is the emission factor of the GHG from synthetic N fertilizer production; the value was set at 6.408 Mg CO 2 -eqv/Mg N in CO 2 equivalent units (or 1.748 Mg C-eqv/Mg N in carbon equivalent units; see Appendix B). Methane emission from rice paddies.-The global warming potential of CH 4 emitted from rice paddies (EP) was estimated using the methods recommended by IPCC (1997 IPCC ( , 2000 :
where EFM ik is the seasonal emission factor of methane with no organic amendments for rice type k production in province i, in kilograms of CH 4 per hectare. The rice type k may be early rice, double-cropping late rice, semilate rice, or single-cropping late rice. In Eq. 13, SFo i is the scaling factor after straw return in province i, and ASR ik is the annual sown area in hectares per year of rice type k in province i. As synthetic N fertilization was widely implemented in China's rice paddies, a collection of 132 measurements of CH 4 emission from rice paddies using only synthetic fertilizer (i.e., no organic amendments) was compiled (see Appendices E and G). We arranged the 30 provinces in which paddy rice was planted (no paddy rice was planted in Qinghai Province) into three groups in consideration of the rice cropping system and the distribution of the experimental sites. The EFM ik for each type of paddy rice practice in each group was estimated (Table 3) .
The scaling factor after straw return (SFo) depended on the amount of dry matter in the returned straw. In accordance with data obtained from field experiments in China (see Appendix F), the relationship between the amount of non-fermented organic amendments for each crop (in megagrams per hectare) and SFo was established based on the following equation:
where DOA i is the seasonal amount of straw dry matter returned to each hectare of rice paddy in province i, in megagrams per hectare. The values of DOA i are listed in Table 1 , and the calculation process is described in Appendix C. Additional fossil fuel use for straw return.-Due to the high multi-crop index in China, additional tilling or plowing is always required after straw return to ensure soil quality for the next crop. The global warming potential of GHG emissions from the additional diesel oil consumption during tilling and plowing (ED i ) was obtained using the following equation:
where IEFD is the integrated GHG emission factor for diesel oil combustion, assigned as 3.172 Mg CO 2 -eqv/ Mg diesel oil (see Appendix B), AS ij is the sown area of crop j in province i in hectares per year, cited from the China Agriculture Yearbook (Editorial Board of China Agriculture Yearbook 2005), and DU ij is the diesel oil consumption in kilograms per hectare required to return the straw of crop j for each hectare of cropland in province i, obtained from Chen et al. (2008) .
Methane and N 2 O emissions from straw burning in the fields.-In order to compare the carbon-nitrogen cycles in straw burning and straw return, it was assumed that all the C and N in the straw would be emitted during burning. The total global warming potential of CH 4 and N 2 O emissions from straw burning (EB i , in teragrams of CO 2 equivalent per year) was estimated using the emission factors and method recommended by IPCC (1997):
where CB i and NB i are the amounts of carbon and nitrogen in the burned straw (in teragrams per year). They were obtained using the following equations:
where FN j and FC j are the N and C fractions for the straw of crop j (Table 2) . These values were derived from ''The Organic Fertilizer of China'' (The National Center for Services and Popularization of Agricultural Techniques 1999), IPCC (1997 IPCC ( , 2000 , Wang (1999) , and Dai et al. (2000) ( Table 2 ).
Scenarios
We constructed two scenarios for this study: (1) a baseline scenario reflecting the current status of straw return, and (2) FI, representing ''full implementation of straw return.'' The settings of these scenarios focused on burning or return of the straw. In order to predict the net mitigation potential brought about by the change from straw burning to straw return, straw that was not returned to croplands was assumed to be burned in the field. In these two scenarios, the only difference lay in the treatment of the straw. Other factors such as total nitrogen fertilizer applied to croplands were set identically or kept steady in both scenarios.
Baseline scenario.-In the baseline scenario, straw return was implemented over a smaller area of cropland. The PR i values for provinces in China varied from 7% to 67.1% (Gao et al. 2000a , Li 2003 , Yang et al. 2003 , Zhong et al. 2003 , Weng et al. 2004 , Han et al. 2005 ; see Table 1 ). The total amount of straw returned to croplands was 1.442 3 10 8 Mg. According to the assumptions of the model, the remainder of the straw (amounting to 3.668 3 10 8 Mg) was assumed to be burned.
Full implementation scenario.-In the FI scenario, it was assumed that straw return techniques were fully implemented on all croplands in China and PR i was 100% for every province. In this scenario, straw from rice, wheat, maize, sorghum, potato, rapeseed, sunflower, and cotton as well as sugarcane leaves were returned to croplands. The total amount of straw returned was 5.109 3 10 8 Mg, and no straw was burned (Table 1) . . The net mitigation factor is an integration of the factors reported here. Before SOC saturation, the net mitigation factor of straw return was positive in 21 of the 31 provinces on the Chinese mainland (Table 4 ). The highest value was 2532 kg CO 2 -eqvÁha À1 Áyr À1 in Jilin Province (Table 4 ). The net mitigation resulting from straw return was negative in Shanghai, Jiangsu, Zhejiang, Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi, and Hainan provinces ( Table 4 ), meaning that in these 10 provinces, implementation of straw return in larger cropland areas would lead to an increase in net GHG emission. After SOC saturation, the net mitigation factors remained positive in only 13 provinces. The highest value was 711.1 kg CO 2 -eqvÁha À1 Áyr À1 in Shandong Province (Table 4) .
RESULTS
Greenhouse
Baseline
The TEGE of the baseline scenario is 171.7 Tg CO 2 -eqv/yr before SOC saturation and 214.2 Tg CO 2 -eqv/yr after SOC saturation (Table 5 ). The national total and provincial values of the sequestration, mitigation, and GHG emissions are shown in Table 5 and Figs. 2 and 3 , respectively.
The FI scenario
In the FI scenario, straw return techniques are fully implemented and no straw is burned. The TEGE in the FI scenario is 137.4 Tg CO 2 -eqv/yr before SOC saturation. The national total and provincial values of the sequestration, mitigation, and GHG emissions are shown in Table 5 and Figs. 2 and 3, respectively.
When straw return is implemented over larger areas of cropland, soil carbon sequestration can increase by 29.72 Tg C/yr before SOC saturation occurs, which According to the results and conclusions of this paper, not all the provinces in China are suitable for the implementation of straw return as a mitigation measure. As a result, the national average values of the mitigation factors (before and after SOC saturation) do not have any scientific or realistic meaning and are represented by ellipses. Notes: Abbreviations are: MSCS, mitigation of soil carbon sequestration with straw return; MNS, mitigation of synthetic N fertilizer substitution; EB, total global warming potential of CH 4 and N 2 O emissions from straw burning; ED, global warming potential of greenhouse gas (GHG) emissions from the additional diesel oil consumption during tilling and plowing; EP, global warming potential of CH 4 emitted from rice paddies; TEGE, total effective GHG emissions before soil organic carbon (SOC) saturation; NMP, net mitigation potential before SOC saturation; NMPS, net mitigation potential after SOC saturation. EB, EP, and ED are expressed as positive values, while MSCS and MNS are expressed as negative values. Data of the Special Administrative Region (SAR) of Hong Kong, SAR of Macao, and Taiwan Province are not included.
indicates a mitigation potential in soil of 109.0 Tg CO 2 -eqv/yr through greater implementation of straw return techniques. When the entire budget of GHG emissions is considered, the national NMP is only 34.26 Tg CO 2 -eqv/ yr, less than one-third of the national MSCS increase. Although ;70% of the provinces still have positive NMP, the mitigation potentials are smaller than the increase in provincial MSCS in Liaoning, Heilongjiang, Anhui, Henan, Chongqing, Sichuan, Guizhou, and Yunnan provinces (Table 4 and Fig. 2 ). In Shanghai, Jiangsu, Zhejiang, Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi, and Hainan provinces, provincial MSCS will increase after implementation of straw return, but their negative NMP values indicate that full implementation of straw return will lead to net GHG emission. The major cause of this phenomenon is the sharp increase in CH 4 emission from rice paddies as a result of straw return. In the remaining 13 provinces, net mitigation potentials are larger than the increase in provincial MSCS, indicating that processes other than soil carbon sequestration are making a positive contribution to GHG mitigation.
After SOC saturation, TEGES will be 289.0 Tg CO 2 -eqv/yr, and the national NMPS will be À74.70 Tg CO 2 -eqv/yr (Table 5 ). Due to the projected increase in CH 4 emission from rice fields, all of the southern provinces except Tibet have negative NMPS (Table 4 and Fig. 3) . Heilongjiang, Liaoning, and Henan also have negative NMPS because paddy rice is also widely cultivated (.5 3 10 5 ha) in these provinces in northern and northeastern China. In other provinces, GHG emissions may still be reduced following SOC saturation (Table 4 and Fig.  3 ), although the total NMPS of these provinces will decrease to 13.09 Tg CO 2 -eqv/yr (Table 4) . Soil carbon sequestration.-A series of studies was previously undertaken to estimate the soil carbon sequestration potential from straw return to soil in China. Using the denitrification-decomposition (DNDC) model, Tang et al. (2006) proved that if the return ratio of non-grain aboveground crop biomass was raised from 15% to 50%, the annual SOC change in the topsoil would turn from À78.89Tg C/yr to À24.3 TgC/yr, leading to a soil carbon sequestration of 54.69 Tg C/yr. Han et al. (2008) reported that straw return would help cropland soils in China sequester 23.89 Tg C/yr at current levels, with an ultimate potential of 42.23 Tg C/yr. Based on a review of long-term experimental data, Lu et al. (2009) estimated that the soil carbon sequestration potential from cereal straw return was 34.4 Tg C/yr. The difference between these results and the estimates obtained in this study (11.61 Tg C/yr for the baseline and 41.33 Tg C/yr for the FI scenario) might stem from the method and the scenario settings.
However, all of these results confirm the importance of soil carbon sequestration through straw return.
Permanent mitigations.-Straw return can also reduce the greenhouse effect by replacing synthetic nitrogen fertilizer and avoiding non-CO 2 GHG emissions such as CH 4 and N 2 O emissions from straw burning. These two mitigation effects are different from soil carbon sequestration in that they are permanent ''avoidance of emission'' (Smith et al. 2007 ).
In the SRBM, the parameters were based on the assumption that 6.408 Mg CO 2 -eqv (or 1.748 Mg Ce) of GHG was emitted to produce each megagram of synthetic nitrogen fertilizer. This is much higher than the value of 0.8141 Mg C-eqv/Mg N employed by West and Marland (2002) . The extremely high value of GHG emission from fertilizer production results from the fertilizer manufacturing process and the energy structure of China, both of which are based on coal , ''the most destructive'' energy type (Ellison 2007) .
Avoiding GHG emission by not burning straw provides the greatest mitigation effect after soil carbon sequestration. This effect will be permanent after SOC saturation. Straw burning is still a common practice in China's countryside. Depending on the scenario settings, it was estimated that in 2000 the total global warming potential of the CH 4 and N 2 O emissions from straw burning would be 23.93-54.56 Tg CO 2 -eqv/yr (Duan 1995) . This is very close to the estimate of 30.20 Tg CO 2 -eqv/yr obtained using the SRBM.
Methane emission from rice paddies.-Straw return can increase CH 4 emission from rice paddies (Huang et al. 1998a , b, Yan et al. 2005 . In this study, CH 4 emission from rice paddies was 7.568 Tg for the baseline scenario and 12.30 Tg for the FI scenario. This increase of 4.734 Tg/yr, equivalent to an increase in GWP of 118.4 Tg CO 2 -eqv/yr, turned out to be the largest offset to the mitigation effect of straw return. As paddy rice is one of the most important crops in China, the increase in CH 4 emission from rice paddies and its GWP after straw return should be viewed as an important GHG source in related studies.
Emissions from machinery use for straw return.-This effect was relatively small, accounting for ;3.5% of the MSCS in both the baseline and FI scenarios. In view of the greenhouse effect, the emissions from increased use of machinery for straw return were minor compared with other sectors of emission and mitigation in the SRBM.
Direct N 2 O emission from soil.-Nitrous oxide (N 2 O) is one of three major GHGs emitted from cropland soils and may be the most important GHG emitted from Chinese cropland (Li et al. 2003a ). Application of synthetic nitrogen and organic amendments including straw return leads to an increase in direct N 2 O emission from cropland soils. According to the results of a DNDC simulation performed on a site in Hebei Province, China, the soil could sequester 3100 kg CO 2 -eqvÁha À1 Áyr À1 in SOC, but the resulting direct N 2 O emission increased from 13 kg NÁha À1 Áyr À1 to 20 kg NÁha À1 Áyr À1 (Li et al. 2005a) . The N in the straw was returned to cropland and became an additional N input, which might be a major cause for the rise in direct N 2 O emission. In this study, we focused on the substitution of synthetic nitrogen fertilizer by straw return and the corresponding mitigation effect. In accordance with the scenario rules, the combined total of synthetic N and N from applied straw was maintained at a constant value. As a result, there was no significant difference in the amount of direct N 2 O emission according to current estimating methods (IPCC 2000 , Zheng et al. 2004 , and therefore there would be no influence on the net mitigation effect of straw return. Because of this, direct N 2 O emission was not regarded as an influential effect in the SRBM and was not considered when calculating TEGE.
Net mitigation potentials
The net mitigation potential (NMP or NMPS) indicates the net contribution to global warming mitigation incurred by changing the straw treatment from the baseline to the FI scenario. From the sign of the NMP or NMPS in the FI scenario, the feasibility and permanence of the mitigation of straw return may be obtained.
A positive value of NMP in the FI scenario indicates that implementation of straw return will reduce the GHG content in the atmosphere prior to SOC saturation, while a negative NMP indicates that further implementation of straw return will lead to greater overall GHG emission. As the NMP value before SOC saturation is negative, straw return cannot be regarded as a feasible mitigation measure in Shanghai, Jiangsu, Zhejiang, Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi, and Hainan provinces (Fig. 4) . For the remaining 21 provinces in mainland China, straw return can reduce the greenhouse effect before SOC saturation, with a total net mitigation potential of 71.89 Tg CO 2 -eqv/yr (Table 4, Fig. 2) , which is equal to 1.733% of the annual carbon emission from fossil fuel use in China in 2003 (1131 Tg C/yr or 4147 Tg CO 2 /yr; Marland et al. 2006) .
In the 21 provinces with positive NMP, Liaoning, Heilongjiang, Anhui, Henan, Chongqing, Sichuan, Guizhou, and Yunnan provinces have negative NMPS. In these eight provinces, the reduction in greenhouse effect will gradually diminish following SOC saturation (Table 5 , Fig. 4 ). Straw return in these provinces can be a feasible mitigation measure for some years, but the mitigation benefit is not permanent.
It should be noted that negative values of NMPS do not imply that we should discontinue straw return to the soil and burn the straw in the fields after SOC saturation. Straw return should still be maintained in those provinces that have positive NMP but negative NMPS. Soil carbon sinks resulting from sequestration activities will continue as long as a carbon-sequestering management practice is maintained (Smith et al. 2007 ). Stopping straw return will cause the carbon sequestered in the soil to be emitted back into the atmosphere. For practical purposes, in order to implement a meaningful carbon sequestration policy, management changes such as returning the straw that was previously burned must be permanent (Freibauer et al. 2004) . Mitigation benefits may continue for decades in these provinces before the beneficial effects are fully countered by the negative NMPS after SOC saturation. This may act as a ''buy time'' mitigation measure as part of a host of short-and medium-term climate mitigation measures implemented while more permanent emission reduction technologies (such as non-CO 2 emitting energy sources) are developed (Smith 2004 ).
Uncertainties
For national or global mitigation potentials, it is very difficult to get an accurate estimate because of the large variation in climates, soil characteristics, and agricultural practices. So, attention should be paid to the uncertainties in the estimation of mitigation potentials when assessing the feasibilities and risks of promoting some sequestration and mitigation measures. In this study, the final results of the model, i.e., the net mitigation potentials, were determined by the emissions, mitigations, and sequestrations of the processes in different scenarios. As a result, uncertainties in the estimation generally come from each of the GHG emission or mitigation sectors.
In this study, soil carbon sequestration, which made the greatest contribution to GHG mitigation, was calculated simply by multiplying the soil carbon sequestration rate by the area on which straw return was implemented. So the method and data source for obtaining the soil carbon sequestration rates of straw return are very critical. The method for estimating the soil carbon sequestration rates of straw return was based on the linear relationship between the SCSR and the amount of the straw returned. The best explanation by this linear relationship was 70% and the worst was 42.9%. Some uncertainties are due to the limited number of field experimental sites and data. Compared with the large cropland area, there are only a few long-term experimental data (from the field experimental sites located in 18 provinces; Appendix D) available for estimation of the soil carbon sequestration rates.
The methane emission factors of rice paddies were estimated by averaging the values given in experimental reports for each type of rice in each agricultural region based on 1 to 47 pairs of data (Table 3 ). The estimation did not take the basic soil condition, climate, and irrigation into account because the data of these key factors were not totally available in agricultural yearbooks or related documents. In this study, the variations of those factors were not considered. Paddy rice is planted in 30 of the 31 provinces, municipalities, and autonomous regions in the mainland of China; however, field experiments on methane emission have only been conducted in 10 provinces and municipalities, i.e., Liaoning, Beijing, Jiangsu, Zhejiang, Hubei, Hunan, Guangdong, Chongqing, Sichuan, and Yunnan (Appendix E). Although the results of the field experiments are representative to a certain extent, there may still exist some uncertainties.
Comparison between scenarios
In previous studies on the net mitigation (or sequestration) potentials, the major sources included (1) soil and underground biomass, including the organic input from roots , disturbance (West and Marland 2002) , nitrification, and denitrification reactions producing N 2 O (Li et al. 2005a) , and environmental CH 4 emission (Li et al. 2005b ; and (2) external greenhouse effects related to energy consumption such as use of agricultural machinery (West et al. 2002 , Chen et al. 2008 , pesticides (West and Marland 2002) , and synthetic fertilizer (Schlesinger 2000 , Lal 2004b . The organic input from aboveground straw was considered secondary (West et al. 2002) or was not taken into account.
In the SRBM, it is clear that the four major processes, i.e., soil carbon sequestration, CH 4 emission, non-CO 2 emission from straw burning, and synthetic nitrogen fertilizer substitution, are all closely related to straw. Changes to these four processes and the net mitigation potential from implementing straw return depend on the flows of carbon and nitrogen under different treatments. From the standpoint of net emissions in a single scenario, increased non-CO 2 greenhouse gas emissions may fully offset the SOC increase achieved by straw return (Li et al. 2005a ). However, the net mitigation potential is derived from the difference between the paired scenarios and not decided by a single scenario or treatment. If current practices such as straw burning lead to greater net emissions, straw return may still be regarded as a mitigation measure. We suggest that fully comparable scenarios should be constructed to estimate the mitigation potentials of various existing treatments for organic wastes such as straw, manure, and slurry.
In recent years, the economic, social, and environmental problems caused by straw burning in the fields and the benefits from straw return have drawn broad attention. In the ''Management methods of straw comprehensive use and prohibition of straw burning'' promulgated by the State Council of the People's Republic of China in 1999, straw return occupied a prominent position among projects for straw utilization. In this study, two treatments of straw, i.e., return to croplands or burning, were adopted in the scenario designs. These two are the most popular methods of disposing of the straw of the nine crop species in China. However, straw may also serve as fuel, forage, or industrial raw material. A recent study in Europe by Powlson et al. (2008) compared the mitigation effect of straw combustion for electric power generation with soil carbon sequestration through straw return. The methods discussed in this study should be noted even though the fate of straw combustion for power generation in China is not clear due to technical and economic barriers and the risk of soil degradation (Martinelli and Filoso 2008) . In order to determine the disposition method most beneficial to mitigation, it is necessary to estimate the net emissions of each treatment. This study has taken the first step toward this goal.
CONCLUSIONS
Straw return is regarded as an important agricultural measure to mitigate the GHG in the atmosphere. However, its net contribution to GHG mitigation still has considerable uncertainties. Changing the treatment method from straw burning to straw return will alter the flow of carbon and nitrogen, resulting in different levels of GHG mitigation. Based on the carbon-nitrogen cycles and GHG mitigation and emission processes related to straw return and burning (i.e., soil carbon sequestration, mitigation of synthetic N fertilizer substitution, CH 4 emission from rice paddies, additional fossil fuel use for straw return, and CH 4 and N 2 O emissions from straw burning in the fields), a full GHG budget model (SRBM) was constructed to estimate the net mitigation potential of straw return.
For the national total, when the full budget of GHGs is considered, the change from straw burning to straw return will bring about a net mitigation potential of 34.18 Tg CO 2 -eqv/yr before SOC saturation, which is only one-third of the mitigation effect of soil carbon sequestration. After SOC saturation, straw return will lead to more GHG emission and the net mitigation potential will be À74.78 Tg CO 2 -eqv/yr. On a provincial scale, the net mitigation potentials of straw return also have different trends compared to soil carbon sequestration alone and varied considerably among the provinces. Before SOC saturation, straw return can mitigate greenhouse gas in 21 provinces. If straw return is implemented in these provinces, the total net mitigation potential will be 71.89 Tg CO 2 -eqv/yr. On the other hand, straw return in the remaining 10 provinces will result in greater GHG emission than straw burning and therefore cannot be regarded as a feasible mitigation measure. Besides the above-mentioned 10 provinces whose net mitigation potentials before (NMP) and after SOC saturation (NMPS) are both negative, eight more provinces in northeastern and northern China have negative NMPS, meaning that in these eight provinces straw return is only a ''buy time'' carbon mitigation measure and the greenhouse effect reduction will gradually diminish after SOC saturation. The major obstacle to the feasibility or permanence of straw return as a mitigation measure is the increased CH 4 emission from rice paddies.
This suggests that comparable scenarios in which all the related carbon-nitrogen cycles are taken into account should be designed to estimate the net mitigation potentials stemming from different treatment and utilization methods for organic wastes such as straw, manure, and slurry. Meanwhile, spatial and temporal variations of the net mitigation potential should also be addressed.
